Abstract. The natural sloshing frequencies of annular cylindrical TLD are parametrically investigated by experiment, aiming at the exploration of its successful use for suppressing the structural vibration of spar-type floating wind turbine subject to multidirectional wind, wave and current excitations. Five prototypes of annular cylindrical TLD are defined according to the inner and outer radii of acryl container, and eight different liquid fill heights are experimented for each TLD prototype. The apparent masses near the first and second natural sloshing frequencies are parametrically investigated by measuring the apparent mass of interior liquid sloshing to the acceleration excitation. It is observed from the parametric experiments that the first natural sloshing frequency shows the remarkable change with respect to the liquid fill height for each TLD model with different container dimensions. On the other hand, the second natural sloshing frequency is not sensitive to the liquid fill height but to the gap size, for all the TLD models, convincing that the annular cylindrical sloshing damper can effectively suppress the wave-and wind-induced tilting motion of the spar-type floating wind turbine.
Introduction
As a representative renewable energy generation mechanism, wind turbines were initially designed for the ground installation and showed the rapid increase in both the total installation number and the maximum power generation capacity (Hansen and Hansen 2007) . However, this rapid increase encountered several obstacles such as the infringement of living environment, the limitation of being high-capacity and making large wind farm. This critical situation naturally turned the attention to the offshore sites, a less restrictive installation place. Offshore wind turbines are classified largely into two categories, fixed-and floating-type according to how the wind turbine tower is supported. Differing from the fixed-type, the floating-type wind turbine is under the concept design stage because several core technologies are not fully settled down (Karimirad et al. 2011) , particularly the maintenance of structural dynamic stability against irregular external excitations (Faltinsen 1990) .
The structural dynamic stability of floating-type wind turbine is greatly influenced by wind, wave and current, and it is quantitatively evaluated in terms of three rigid body translation motions Corresponding author, Professor, E-mail: wbjeong@pusan.ac.kr (i.e., surge, sway and heave) and three rigid body rotations (i.e., pitch, roll and yaw) (Cho et al. 2012) . Among them, roll and pitch motions are mostly considered because these two rigid body rotations give rise to the crucial impact on the tilting of floating-type wind turbine. The tilting motion may not only degrade the power generation efficiency, but it may capsize the entire wind turbine in worst case. Floating-type wind turbines are positioned and stabilized, to some extent, by a combination of body weight, buoyancy force, mooring cables or tension legs, but such a basic control is insufficient to suppress the tilting motion caused by severe aero-and hydro-excitations. In this connection, the need of more effective damping devices has been increased, and the application of traditional tuned liquid damper (TLD) and tuned liquid column damper (TLCD) to floating-type wind turbines are intensively studied (Lee et al. 2006 , Jin et al. 2007 , Colwell and Basu 2009 .
TLD and TLCD were originally introduced to suppress the structural vibration of high-rise buildings subject to earthquake and wind loads (Miyata et al. 1989 , Balendra et al. 1995 , Yamamoto and Kawahara 1999 . As is well known, these passive dampers utilizing the interior liquid sloshing (or, liquid fluctuation) can alter the free vibration characteristic of high-rise buildings by means of the interior liquid sloshing (or, liquid fluctuation), in order to avoid the resonance phenomenon to the external excitation. One prominent feature of TLD and TLCD is that their first sloshing frequency can be controlled by adjusting the liquid fill height and the geometric dimensions of horizontal and vertical tubes. Balendra et al. (1995) reported that the damping performance of TLCD is better than TLD, but its damping performance is dependent of the direction of excitation. Meanwhile, the geometry of TLD is not suitable to install it into the cylindrical tower of wind turbine. Therefore, a TLD which is excitation direction-independent and easily installed is highly desired.
In this context, the goal of the current study is to experimentally explore the possibility of annular cylindrical sloshing damper as an effective damping device for spar-type floating wind turbine. The annular cylindrical sloshing damper is not only excitation direction-independent, but it can be easily installed by simply fitting it into the outer surface of cylindrical tower. But, it has been reported that the circular TLDs exhibit the remarkable nonlinear variation of the fundamental natural sloshing frequency to the liquid fill height and geometric dimensions of TLD owing to the free surface breaking of interior liquid (Morsy 2010) . In this paper, the fundamental natural sloshing frequency is parametrically investigated with respect to various combinations of the liquid fill height, inner and outer radii of TLD.
Dynamic response stabilization of floating wind turbine

Rigid dynamic response of spar-type floating wind turbine
A typical spar-type floating offshore wind turbine is represented in Fig. 1(a) , where tower and floating platform is divided roughly by the sea water free surface. The vertical position of floating wind turbine is determined by the balance of the total weight of wind turbine, buoyancy force and tension of mooring cables. The upper part composed of wind blades, nacelle and tower is subject to wind load, while the lower floating platform is under wave-and current-induced hydrodynamic pressure as well as the tension of mooring cables. The spar-type floating wind turbine is usually moored at offshore by three equal mooring cables which are anchored at the seabed. The reader may refer to Lefebvre and Collu (2012) for more details on the roles of wind turbine components such that wave and viscous damping matrices B and b , the added mass (or, moment of inertia) matrix A and the restoring stiffness matrix C , the generalized coupled rigid body motions can be expressed by (Biran 2003 , Cho et al. 2012 
In which, M and
F denote the mass matrix of offshore wind turbine (or, moment of inertia) and the vector of sinusoidal exciting force and moment.
Among six components of rigid body motion, the tilting of floating wind turbine is directly related to the roll and pitch motions. As mentioned earlier, the tilting motion may not only decrease the power generation efficiency, but it may capsize the entire wind turbine in worst case. Pitch and roll motions which are caused by the action of wind, wave and current loads are controllable by the center of gravity (CG), center of buoyancy (CB) and the position of mooring which are caused by the action of wind, wave and current loads cables. It has been found, from the theoretical work by Karimirad et al. (2011) , that the pitch/roll stiffness increases as the centers of gravity and buoyancy become lower and higher respectively. In other words, the natural pitch/roll frequencies increases in proportional to the relative distance between CB and CG. The location of mooring cables, which is in the correlation with CB and CG, affects the cable tension and the dynamic stability of floating wind turbine. The tilting motion of floating wind turbine could be reduced to some extent if these three locations were appropriately chosen, but an effective damping device is desired to aggressively control the tilting motion.
Annular cylindrical TLD for spar-type floating wind turbine
The tilting motion of spar-type floating wind turbine without extra damping device is schematically represented in Fig. 2(a) . Wind turbine blades are subject to wind load so that wind load contributes mostly to pitch motion, while wave and current loads acting on the cylindrical floating platform give rise to both pitch and roll motions. Similar to TLDs installed in high-rise buildings, the annular cylindrical TLD for spar-type floating wind turbine is installed at the top of wind tower as illustrated in Fig. 2 (b) in order to maximize the structural damping performance. The inner radius of annular cylindrical TLD is set by the radius of wind tower at the top in order for the fitting assembly.
The fluctuation of liquid free surface called liquid sloshing gives rise to the harmful hydrodynamic impact on the container, and various types of sloshing suppression devices like baffle are installed within liquid containers Lee 2002, 2004) . On the contrary, liquid sloshing is usefully utilized to absorb the structural vibration energy generated by earthquakes, wind and wave loads. The absorption of vibration energy alters the free vibration behavior of huge tall structures to prevent the resonance phenomenon, which motivated to the introduction of TLD as a passive damping device for huge tall structures subject to various dynamic excitations.
TLDs can be classified into shallow TLD and deep TLD based on the relative liquid fill height to the damper length. According to Dean and Dalrymple (1984) , the limit of the relative liquid fill height of shallow TLD is around 10~12%. It has been known that shallow TLDs provide the desired high damping thanks to the wave breaking phenomenon. Wave breaking increases the damping performance such that the damping magnitude of shallow TLD is an order as high as deep TLDs. However, Morsy (2010) reported that shallow TLD is not practical owing to the extreme nonlinearity stemming from the large free surface fluctuation (Cho and Lee 2004 ) and the occurrence of unpredictable wave breaking. Liquid in shallow TLD exhibits the extreme free surface fluctuation with the amplitude equal to the liquid fill height, which causes the unpredictable wave braking phenomenon. Owing to the highly nonlinear liquid sloshing including the wave breaking phenomenon, the sloshing frequency tuning of shallow TLD becomes difficult. Meanwhile, all the previous studies have shown that the damping performance of TLD increases in proportional to the total mass of interior liquid, but the increase of total liquid mass is not desirable for floating wind turbine. In this context, the total amount of liquid in the annular cylindrical TLD introduced in this paper is less than usual circular TLDs, for the same liquid fill height. Besides the multi-directional mass-effectiveness, the annular cylindrical TLD with the large liquid fill height does neither cause large free surface fluctuation nor wave breaking. Fig. 3(a) shows a CAD model of annular cylindrical TLD and the major geometry dimensions are represented in Fig. 3(b) . The contained is manufactured with acryl for clear visualization of the free surface fluctuation of liquid and water is used as liquid. Fig. 3(c) shows a small-scale prototype of acryl annular cylindrical TLD, and five prototypes with different radii given in Table  1 are prepared for the parametric experiments of apparent mass. The height H c of acryl container is set by 300 mm and the liquid fill height H w is taken variable. The density, Young's modulus and Poisson's ratio of acryl are as follows: E c = 2.80 Gpa, v c = 0.37 and ρ c = 1,180 kg/m 3 respectively. In this study, the experiments were repeatedly conducted by eight times for each TLD model for the sake of the reliability of experimental data. Since the difference between R 1 and R 2 is relatively small while the liquid fill height H w is relatively large with respect to the container height h c , the annular cylindrical TLDs under consideration belong to a type of deep TLD. Therefore, the nonlinear large liquid fluctuation including wave breaking does not prevail, from which it is expected that the natural sloshing frequencies of the current annular cylindrical TLD will be more easily tuned than usually circular TLDs. In addition, the total amount of liquid filled in the current annular TLD is significantly smaller than usual circular TLD for the same relative liquid fill height so that the hydrodynamic impact on the container and structural system can be minimized. Fig. 4 represents an experiment apparatus composed of generator, exciter, FFT analyzer and annular cylindrical TLD, where a random signal white noise at 0~25Hz is delivered to a shaker so as to excite a horizontal vibration table. Fig. 5 shows a scene of actual sloshing experiment, in which acceleration as an input signal was measured by attaching an accelerometer to the shaker table connector as shown in Fig. 5(b) . A strain gage-type force plate was installed on the horizontal vibration table and the damper was put on it. As output signal, the force plate measures the transmission force of the floor which is caused by interior liquid sloshing in the annular cylindrical TLD. The apparent mass H(ω), a kind of frequency response function (FRF), defined as the output (force exerted on the vibration plate) per unit input (acceleration of the vibration plate) 
Parametric experiments of apparent mass of annular cylindrical TLD
and its theoretical derivation is given in Appendix. Setting of the FFT analyzer for the experiment is given in Table 2 and Table 3 represents the specifications of each component in the experiment apparatus. The experiments were repeatedly carried out by increasing the height of water in the annular cylindrical TLD from 90 to 160 mm with the interval of 10 mm. 
Experimental results
Fig . 6 represents the parametric characteristics of apparent mass of each model to the liquid fill height h w near the first natural sloshing frequency, where the magnitude means the apparent mass. Please refer to Appendix on the fact that the apparent mass shows the peak value at the natural sloshing frequency. It is clearly observed that the first sloshing frequency is significantly affected by the liquid fill height as well as the radii of container, implying that the current annular cylindrical TLD could be tuned by controlling the liquid fill height. All the TLD models show the variations of apparent masss to the liquid fill height, which is consistent with the work by Min and Park (2009) who studied this tendency by calculating the transfer function of TLCD using the shaking table experiment.
It is found from Table 4 that the first natural sloshing frequency increases in proportion to the liquid fill height for all TLD models. Meanwhile, it shows the uniform increase with the inner radius of the container as well as the outer radius. It has been reported, according to Lamb (1932) , that the fundamental resonant sloshing frequency of usual circular TLD is expressed by
Where, g is the acceleration of gravity, h w the liquid fill height, and R is outer radius of circular damper. It can be found from Eq. (5) that frequency and radius of TLD are in the inverse relation, and the parametric experimental results given in Table 4 is consistent with Eq. (5) by letting R 1 of the annular cylindrical TLD as the characteristic radius. The apparent masses of five TLD prototypes near the second natural sloshing frequency were also parametrically tested for eight different liquid fill heights, and the experimental results are represented in Fig. 7 . Contrary to the previous results shown in Fig. 6 , it is observed that the apparent masses near the second natural sloshing frequency are almost independent of the liquid fill height. Rather, they show the monotonic increase with the gap size R 2 -R 1 between the outer and inner radii of the acryl TLDs because the gap size is largest at model A and vice versa at models C and D, as given in Table 1 . Meanwhile, from the comparison between two models C and D and between another two models B and E, it is observed that the apparent mass slightly increases with the outer radius R 2 when the gap size is equal. The difference in apparent masses between two different natural sloshing frequencies is caused because the second natural sloshing mode is different from the first natural sloshing mode. According to Faltinsen (2009) and Cho et al. (2000) who studied the natural sloshing behavior of liquid partially filled in annual circular tanks, the liquid free surface exhibits a seesaw-like fluctuation at the first natural sloshing frequency while it does a full sine wave-like fluctuation at the second natural sloshing frequency. From this difference, the apparent mass near the first natural sloshing frequency becomes sensitive to the container radius and the liquid fill height while it at the second natural sloshing frequency does to the gap size. Two lowest natural sloshing modes of water in the annular cylindrical TLD are represented in Fig. 8 . As mentioned above, the first natural sloshing mode shows a seesaw-like sloped free surface motion. Meanwhile, the second sloshing mode shows a full sine wake-like free surface motion such that water on the left moves up while one on the right moves down. However, it is worth to mention that the damping performance of TLD, as a passive damping device, is dominated by the first natural sloshing.
Conclusions
In this paper, the natural sloshing frequencies of annular cylindrical TLD have been parametrically investigated by experiment. Five acryl prototypes of annular cylindrical TLD with different inner and outer radii were used, and eight cases of liquid fill height were examined for each TLD model. According to the parametric experiments, the following main observations were made:
• The first natural sloshing frequency increases in proportion to the liquid fill height for all TLD models, while it shows the uniform increase with the inner radius as well as the outer radius of container.
• The apparent mass near the first natural sloshing frequency becomes sensitive to the container radius and the liquid fill height.
But, the apparent masses near the second natural sloshing frequency are almost independent of the liquid fill height, rather they show the monotonic increase with the gap size of container.
Therefore, it has been confirmed that the annular cylindrical TLD could be used as an effective passive damping device for spar-type floating wind turbine, in aspects of the tuning possibility of first natural sloshing frequency as well as the easy installation, multi-directional damping performance and mass effectiveness.
Appendix: Theoretical derivation of apparent mass H(ω)
The sloshing experiment apparatus shown in Fig. 4 which is composed of a horizontal vibration plate and an annular cylindrical TLD can be modeled as a two-DOF mass-spring system, as represented in Fig. A1 . Where, M 1 indicates the equivalent mass of the vibration plate, m 2 and k 3 denote the equivalent mass and stiffness of the annular cylindrical TLD, respectively. Letting x 1 (t) and x 2 (t) be the absolute horizontal dynamic motions of the vibration plate and the annular cylindrical TLD and f 1 (t) be the excitation force, then the equations of motion of the two-DOF dynamic model is expressed by ), whereas the anti-resonance of apparent mass occurs at the frequencies which make the numerator of Eq. (A4) zero. It is found that both the resonance and anti-resonance of apparent mass are dependent of the equivalent mass and stiffness of TLD as well as the equivalent mass of the vibration plate.
